Topo II poisons, which target topoisomerase II (topo II) to generate enzyme mediated DNA damage, have been commonly used for anti-cancer treatment. While clinical evidence demonstrate a capability of topo II poisons in inducing apoptosis in cancer cells, accumulating evidence also show that topo II poison treatment frequently results in cell cycle arrest in cancer cells, which was associated with subsequent resistance to these treatments. Results in this report indicate that treatment of MCF-7 and T47D breast cancer cells with topo II poisons resulted in an increased phosphorylation of extracellular signalregulated kinase 1 and 2 (ERK1/2) and an subsequent induction of G2/M cell cycle arrest. Furthermore, inhibition of ERK1/2 activation using specific inhibitors markedly attenuated the topo II poison-induced G2/M arrest and diminished the topo II poison-induced activation of ATR and Chk1 kinases. Moreover, decreased expression of ATR by specific shRNA diminished topo II poison-induced G2/M arrest but had no effect on topo II poison-induced ERK1/2 activation. In contrast, inhibition of ERK1/2 signaling had little, if any, effect on topo II poison-induced ATM activation. In addition, ATM inhibition by either incubation of cells with ATM specific inhibitor or transfection of cells with ATM specific siRNA did not block topo II poisoninduced G2/M arrest. Ultimately, inhibition of ERK1/2 signaling greatly enhanced topo II poison-induced apoptosis. These results implicate a critical role for ERK1/2 signaling in the activation of G2/M checkpoint response following topo II poison treatment, which protects cells from topo II poison-induced apoptosis.
Introduction
Topo II is a nuclear enzyme that has an important role in topological rearrangement of DNA during replication, transcription and resolution/separation of daughter chromosomes at mitosis [1] . Drugs that target topo II can be divided into two broad groups; topo II poisons that target DNA-topo II complexes and topo II inhibitors that directly inhibit the topo II catalytic activity [2] . Topo II poisons, such as the doxorubicin (DOX) and etoposide (ETOP), stabilize the covalent DNA-topo II intermediate by stimulating the cleavage reaction and/or inhibiting the religation step, which results in the accumulation of doublestranded DNA breaks [1] . In the past decade, topo II poisons have been commonly used in the treatment of numerous types of cancers, including blood, breast, ovarian and lung cancers. While therapy with topo II poisons can improve survival rates of cancer patients, their efficacy is largely limited by the rapid development of drug resistance to these agents. Evidence has shown that treatment of cancer cells with topo II poisons can result in apoptosis induction and/or cell cycle arrest [3, 4, 5] . The induction of cell cycle arrest, providing time for repairing the damaged DNA, has been shown to be associated with the resistance of cancer cells to topo II poison treatment [6, 7, 8, 9] . Thus, understanding the mechanism involved in the activation of cell cycle checkpoint following topo II poison treatment is necessary in order to improve the effectiveness of these anticancer agents.
Due to frequent mutation or alteration in genes involved in G1 checkpoint control, most cancer cells are defective in G1 checkpoint regulation and thus dependent on the intra-S and G2 checkpoints in response to DNA damage [10] . Because activation of the intra-S checkpoint results in slowing rather than complete arrest of the cell cycle, cancer cells bearing DNA damage may progress through the S-phase checkpoint and halt only at the G2 checkpoint [10] . Consistent with these findings, recent studies show that the cell cycle arrest observed in cancer cells treated with topo II poisons is primarily the G2/M arrest [11] .
The G2 checkpoint is controlled by the Cdc2/Cyclin B complex, whose activity is required for G2/M transition of the cell cycle [12] . Previous studies have shown that Cdc2-Tyr15 phosphorylation is induced and maintained during radiationinduced G2/M arrest and that introduction of Cdc2-Y15F mutant, which cannot undergo phosphorylation at this site, abolished DNA damage-induced G2/M arrest [13, 14, 15] . Cdc2-Tyr15 is phosphorylated by Wee1 kinase, which phosphorylates Cdc2 at Tyr15, and Myt1 kinase which phosphorylates Cdc2 at Thr14 and, to a lesser extent, at Tyr15 [16, 17] . During normal cell cycle progression, Cdc2 is activated by dephosphorylation of Tyr15 residue by Cdc25 phosphatases [18] . In response to DNA damage, phosphorylation of Cdc25 phosphatase by Chk1 and Chk2 enhances binding of Cdc25 to SCF bTrCP and subsequent proteolysis of Cdc25. In addition, phosphorylation of Cdc25A-Thr506 and Cdc25C-Ser216 following DNA damage enhances the binding of Cdc25A/C to 14-3-3, sequestering them from their substrates [19, 20, 21] .
Upon cells transition from G2 to mitotic phase, histone H3 is phosphorylated at Ser10, which is associated with chromosome condensation prior to cell division [22] . Since both G2 and mitotic cells have 4N-DNA content and are not distinguishable from each other by propidium iodide staining, phosphorylation of H3-Ser10 in 4N-DNA content cells has been commonly used as a specific marker for mitotic cells [23, 24] . Furthermore, previous studies indicate that the initial phosphorylation of H3-Ser10 occurs in the late G2 phase but only on the pericentromeric chromatin. As cells progress through mitosis, the phosphorylation spreads along chromosomes and is completed at the end of prophase [25, 26] . Thus, there is a gradual increase in H3-Ser10 phosphorylation from the beginning of mitosis to the end of mitosis. In log phase growing cells, phosphorylation of H3-Ser10 in mitotic cells is detected in a wide range by flow cytometry analysis [27, 28] . In response to the activation of G2/M cell cycle checkpoint following DNA damage, the phosphorylation of H3-Ser10 is suppressed due to the blockage of the G2/M transition of the cell cycle [12, 27, 28] .
Previous studies have shown that ATM and ATR are both phosphorylated and activated in response to double strand DNA breaks and play important roles in the activation of G2/M checkpoint response [29] . ATR activation results in the activation of Chk1 through phosphorylation at Ser317 and Ser345 [30, 31] , while ATM activation induces Chk2 activity through phosphorylation at Thr68 [32, 33] .
Involvement of p53 in the regulation of G2/M checkpoint has also been reported in several studies. A target gene of p53, 14-3-3s, has been found be up-regulated following DNA damage, which prevents proper nuclear localization of Cdc2/Cyclin B after DNA damage [34] . Furthermore, another p53 target gene GADD45 has been shown to interact with Cdc2 and inhibits its activity [35] . Moreover, although p53 induced p21
Waf1/Cip1 is a poor inhibitor of Cdc2 in vitro compared to other cyclindependent kinases [36] , some evidence suggest p21
Waf1/Cip1 may prevent interaction between Cdc2 and its activator Cdc25C phosphatase [37] as well as the Cdc2 activation by CAK kinase [38] . Finally, a recent report shows that, in H1299 non-small cell lung carcinoma cells, ectopic p53 expression promotes G2/M cell cycle arrest and which, in turn, suppresses DOX-induced mitotic cell death [9] .
Mitogen-activated protein kinases (MAPKs) have been reported to play important roles in the cellular response to DNA damage [39, 40, 41, 42, 43] . A previous study has indicated that p38 mediated activation of Mitogen-activated protein kinase-activated protein kinase 2 (MK2) is necessary for DOX-induced G2/M arrest in U2OS human osteosarcoma cells [43] , while others have demonstrated that ERK1/2 activation following topo II poison treatment is associated with G2/M cell cycle arrest [44] . In the present study, we examined the mechanisms involved in the regulation of the G2/M checkpoint response by ERK1/2 signaling following treatment of cells with topo II poisons. Results in this report indicate that ERK1/2 activation plays a critical role in the activation of G2/M checkpoint following topo II poison treatment. By abrogation of the G2/M checkpoint response and increase of apoptosis induction, inhibitors of ERK1/2 signaling may potentially be used to sensitize cancer cells to topo II poisons.
Materials and Methods
Cell culture and drug treatment MCF-7 and T47D human breast cancer cells were obtained from ATCC (Manassas, VA) and maintained in Dulbecco's Modified Eagle's Medium (DMEM) containing 10% fetal bovine serum (FBS). For drug treatment, doxorubicin (DOX) (Invitrogen, Carlsbad, CA) was dissolved in water and etoposide (ETOP) (Calbiochem, San Diego, CA) dissolved in dimethyl sulfoxide (DMSO). The drugs were added to the cells at the indicated doses for 2 hr, washed with DMEM and then incubated in growth medium for the specified length of time. For studies involving the use of the MEK1/2 specific inhibitor U0126 [45] (LC Laboratories, Woburn MA), log-phase cells were incubated in medium containing the inhibitor, which was dissolved in DMSO. Control cells were incubated in medium containing the same amounts of vehicle. For experiments involving treatment with both MEK1/2 inhibitor and topo-II poison, cells were pre-incubated with MEK1/2 inhibitor for 1 hr prior to treatment with topo II poison. For experiments involving compounds dissolved in DMSO, the final concentration of DMSO in the medium was less than 0.1%.
Short hairpin RNA and retroviral vectors
Retroviral vectors expressing short hairpin RNAs (shRNA) were obtained from Open Biosystems (Huntsville, AL). The sequence for shRNA targeting ATR is 59-TGCT GTTG ACAG TGAG  CGCC CAGA CCAG ATCA TTCA TTAT TAGT GAAG  CCAC AGAT GTAA TAAT GAAT GATC TGGT CTGG  TTGC CTAC TGCC TCGG A-39 and 59-TGCT GTTG ACAG  TGAG CGCG CCGC TAAT CTTC TAAC ATTA TAGT  GAAG CCAC AGAT GTAT AATG TTAG AAGA TTAG  CGGC ATGC CTAC TGCC TCGG A- [46] .
Production of recombinant retroviral vectors and infection of MCF-7 cells was performed as described previously [47] . Briefly, Phoenix A retroviral packaging cells were transfected with retroviral vectors using MBS mammalian transfection kit (Strategene, La Jolla, CA) according to the manufacturer's direction. Medium containing amphotropic retrovirus was collected at 48 hr post transfection and filtered through a 0.4 mm filter. MCF-7 cells were infected with retroviral vectors in the presence of 4 mg/ml polybrene (Sigma-Aldrich, St Louis, MO). Clones stably expressing shRNA were selected in medium containing 2 mg/ml puromycin (Sigma-Aldrich, St Louis MO). Clones stably expressing HPV-E6 were selected in medium containing 800 mg/ml G418 (Invitrogen, Carlsbad, CA).
Short interfering RNAs and transfection
Short interfering RNA duplexes (siRNA) were obtained from Dharmacon Research (Chicago, IL). Non-targeting control siRNA contains at least four mismatches to any human, mouse or rat gene, as previously determined by the manufacturer. The sequence for control siRNA is 59-UAAGGCUAUGAAGA-GAUAC-39. SMARTpool siRNAs targeting ERK1/2 consists of eight siRNAs targeting multiple sites on ERK1/2 (ERK1/2-siRNAs). The sequences for siRNA targeting ERK1 are 59-PUAAAGGUUAACAUCCGGUCUU-39, 59-PAACUUGUA-CAGGUCAGUCUUU-39, 5 9-PAGAGACUGUAGGUA- Cells were transfected with 100 nM siRNA using Dharma-FECT1 siRNA transfection reagent (Dharmacon Research, Chicago, IL) according to the manufacturer's direction. Transfected cells were incubated at 37uC for the additional indicated times, and analyzed for levels of the targeted protein by immunoblotting with specific antibodies. For experiments involving both siRNA transfection and topo II poison treatment, transfected cells were first incubated for the indicated times and then treated with topo II poison at the specified concentration. Treated cells were incubated at 37uC for the additional indicated times and analyzed for protein expression by immunoblotting and DNA content by fluorescence-activated cell sorting (FACS).
Plasmids constructs and transfection
pCMV5 vector expressing p53-R175H dominant-negative mutant was kindly provided by Dr. Arnold J. Levine (Institute for Advanced Study, Princeton, NJ), which contains an arginine to histidine substitution at residue 175 of p53 polypeptide [48, 49] . MCF-7 cells were transiently transfected with the p53-R175H expressing vector or control empty vector using lipofectamine transfection reagent (Invitrogen, Carlsbad, CA) as described previously [50] . Following transfection, the cells were incubated for 48 hr prior to treatment with DOX.
Antibodies and recombinant proteins
All antibodies were obtained from Santa Cruz Biotechnology (Santa Cruz, CA) unless indicated elsewhere. These include mouse IgG for Cdc2 (17) , Chk1 (G4), Chk2 (B4), p38 (A12), p53 (D01) and phospho-ERK1/2 (E4); goat IgG for ATR (N-19), Actin (I-19), phospho-Cdc2 (Tyr-15), ERK1/2 (C14-G) and MAPKAPK2 (C18). Rabbit IgG for ATM (Ab-3) and PARP (Ab-2) were obtained from Calbiochem (San Diego, CA). Mouse IgG for Caspase 8 (1C12), Rabbit IgG for phospho-p38 and phospho-MAPKAPK2 was obtained from Cell Signaling Technology (Danvers, MA).
Recombinant p53 protein used in ATM and ATR kinase assays was a glutathione S-transferase fusion protein containing fulllength human p53 (Addgene, Cambridge, MA). The Cdc25C recombinant protein used in Chk1 and Chk2 kinase assays was a glutathione S-transferase fusion protein containing residues 200-256 of human Cdc25C [kindly provided by Dr. Helen PiwnicaWorms (Washington University School of Medicine)]. Glutathione S-transferase recombinant protein was used as a control substrate in all kinase assays and was prepared according to the standard procedure (GE Healthcare Bio-Sciences, Pittsburgh, PA).
Immunoblotting, immunoprecipitation and kinase assay
Immunoblotting and Immunoprecipitation were performed as described previously [28, 51] . ATM and ATR kinase activity was assayed as described previously using p53 recombinant protein as substrate [52, 53, 54, 55] . Briefly, ATM and ATR proteins were immunoprecipitated from 500 mg cell lysate using anti-ATM (AB-3) and anti-ATR (N-19) antibody respectively. The immune complexes were isolated with protein-A (for ATM) or protein-G (for ATR) agarose, washed three times with wash buffer (20 mM HEPES, pH 7.4, 50 mM NaCl, 2.5 mM MgCl 2 , 0.1 mM EDTA, 0.1% Triton X-100, and 0.1 mM sodium orthovanadate), and twice with kinase buffer (20 mM HEPES, pH 7.4; 10 mM MgCl 2 ; 1 mM EDTA, 1 mM EGTA, 20 mM p-nitrophenyl phosphate, 20 mM b-glycerophosphate, 0.1 mM sodium orthovanadate, and 1 mM DTT). Resuspended immune complexes were incubated in kinase buffer with 5 mg of p53 recombinant protein, 40 mM ATP, and 5 mCi of [c- 32 P]ATP (6000 Ci/mmol) for 50 min at 30uC. Chk1 and Chk2 kinase activity was assayed as described previously using Cdc25C recombinant protein as substrate [32, 56, 57, 58, 59] . Briefly, Chk1 and Chk2 were immunoprecipitated from 250 mg of cell extract, using anti-Chk1 (G4) and anti-Chk2 (B-4) antibody respectively. The immune complexes were isolated with protein-A (for Chk1) or protein-G (for Chk2) agarose, washed and assayed for kinase activity using 5 mg Cdc25C recombinant protein as substrate. The incubation time for Chk1 and Chk2 kinase reaction was 20 min at 30uC. The kinase reactions were stopped by adding 20 ml of 56 Laemmli SDS sample buffer and boiling for 3 min [60] . Substrate phosphorylation by kinase was analyzed by SDSpolyacrylamide gel electrophoresis and autoradiography.
Cell cycle analysis
Cell cycle analysis was carried out by fluorescence-activated cell sorting (FACS) using a FACSCalibur instrument (Beckon Dickinson) as described in our previous study [51] . Each analysis was performed using 20,000 cells.
Analysis for mitotic cells
Cells were treated with 1 mM DOX in the presence or absence of 50 mM U0126 for 2 hr and washed. The cells were incubated for an additional 22 hr in growth medium containing 100 ng/ml nocodazole (Acros Organics, Geel, Belgium) [61] , with or without the presence of U0126. Cells were then fixed and analyzed by FACS for mitotic cells, which contain both 4N DNA content and phospho-Histone H3-Ser10, as described previously [28] .
DAPI staining
Cell death was assessed by 69, 6-diamidino-2-phenylindole (DAPI) staining as described previously [62] . Briefly, cells (50,000) re-suspended in 100 ml of 30% FBS in PBS were added to a cytocentrifuge and spun at 1000 rpm for 5 min. The resulting slides were air dried, washed two times with PBS and then fixed for 1 hr in 4% paraformaldehyde at room temperature. Following fixation, cells were washed with PBS then stained with DAPI (2.5 mg/ml in PBS) for 1 hr in dark at room temperature. Stained cells were washed with PBS and analyzed by fluorescent microscopy. Apoptotic cells were identified by condensation and fragmentation of nuclei [63] . The percentage of apoptotic cells was calculated as the ratio of apoptotic cells to total cells counted. At least 800 cells were counted per sample.
Results

Topo II poison induces G2/M cell cycle arrest and ERK1/2 activation in MCF-7 human breast cancer cells
To study the effect of topo II poison on cell cycle checkpoint response, MCF-7 cells were treated with increasing doses of DOX or ETOP and analyzed for DNA content after incubation for 24 hr following treatment. As shown in Figure 1A , both DOX and ETOP resulted in a dose-dependent increase in the percentage of cells with 4N-DNA content, indicative of G2/M cell cycle arrest [12] . Relative to the control untreated cells, there was a maximum 4-fold increase in cells with 4N-DNA content following treatment of MCF-7 cells with 0.5 mM DOX and a 3-fold increase following treatment with 10 mM ETOP.
We next assessed the changes in ERK1/2 phosphorylation in cells treated with DOX or ETOP. As shown in Figure 1B , treatment with DOX or ETOP resulted in a rapid increase in ERK1/2 phosphorylation in MCF-7 cells. Furthermore, as shown in supplemental Figure S1 , topo II poison-induced ERK1/2 phosphorylation was observed within 15 min following incubation with drug and remained detectable for at least 24 hr after drug treatment.
Previous studies have shown that the activation of Chk1 and Chk2 kinases following DNA damage plays an important role in the activation of G2/M checkpoint response [64] . We therefore examined the changes in Chk1 and Chk2 activities following treatment of MCF-7 cells with DOX and ETOP. As shown in Figure 2A , both Chk1 and Chk2 activities were markedly induced following treatment with DOX or ETOP. A maximum activation of Chk1 and Chk2 activity were detected at 6 hr following incubation with either drug (Chk1 activity and Chk2 activity, lane 6 vs. 1). Furthermore, the observed increase in kinase activity was not associated with changes in protein levels of Chk1 or Chk2 ( Figure 2A , Chk1 activity vs. Chk1 IP-WB, Chk2 activity vs.Chk2 IP-WB).
It has been shown that activation of Chk1 and Chk2 results in inhibition of Cdc2/Cyclin B activity [13, 15, 18] , we next examined changes in Cdc2-Tyr15 phosphorylation, which is indicative of Cdc2 kinase inhibition [15] , following treatment with DOX or ETOP. As shown in Figure 2B , treatment with either DOX or ETOP did result in a large increase in Cdc2-Tyr15 phosphorylation (Cdc2-Tyr15), determined at 4 hr following drug treatment. Furthermore, the increase in Cdc2-Tyr15 phosphorylation was not associated with changes in Cdc2 protein levels (Cdc2-Tyr15 vs. Cdc2).
Collectively, results of these studies indicate that topo-II poison treatment of MCF-7 cells induced ERK1/2 activation, which was 
Inhibition ERK1/2 activation attenuates topo II poisoninduced G2/M cell cycle arrest
We next examined the effects of mitogen-activated protein kinase kinase 1 and 2 (MEK1/2) specific inhibitor U0126 on topo II-induced G2/M checkpoint. We have previously reported that incubation with 50 mM U0126 resulted in maximal inhibition of ERK1/2 phosphorylation in log-phase growing MCF-7 cells [51] . As shown in Figure 3A and 3B, incubation of MCF-7 cells with 50 mM U0126 completely blocked both ETOP-and DOXinduced ERK1/2 activation, and significantly attenuated the induction of G2/M cell cycle arrest following ETOP or DOX treatment. Incubation of MCF-7 cells with U0126 by itself had no effect on the cell cycle distribution compared to the untreated cells ( Figure S2 ).
We also assessed the effect of ERK1/2 inhibition on DOX-and ETOP-induced G2/M arrest in T47D human breast cancer cells. As shown in Figure 3C , incubation of T47D cells with U0126 resulted in a complete attenuation of DOX-or ETOP-induced G2/M arrest.
To confirm the effect of ERK1/2 inhibition on topo II poisoninduced G2/M arrest, MCF-7 cells were transfected with ERK1/ 2 specific or control non-targeting siRNA and then treated with topo II poisons. As shown in Figure 4A (upper right panel), there was an approximate 50% reduction in ERK1/2 protein in MCF-7 cells transfected with ERK1/2 specific siRNA compared to control siRNA transfected cells. As shown in Figure 4A (left and lower right panels), transfection of MCF-7 cells with ERK1/2 specific siRNA significantly attenuated both DOX-and ETOP-induced G2/M arrest compared to control siRNA transfected cells. In contrast, transfection with control siRNA had no noticeable effect on ERK1/2 protein level as well as on DOX-induced G2/M arrest compared to untransfected cells (supplemental Figure S3) . Consistent with the results obtained from MCF-7 cells, transfection of T47D cells with ERK1/2 specific siRNA, resulting in a near 80% reduction in ERK1/2 protein compared to control siRNA transfected cells ( Figure 4B 
ERK1/2 inhibition abrogates topo II poison-induced activation of ATR but not ATM signaling
Activation of ATM and ATR signaling following DNA damage has been shown to play an important role in the activation of the G2/M checkpoint response [66] . We next examined the effect of ERK1/2 inhibition on topo II poison-induced activation of ATM and ATR signaling.
As shown Figure 4) . For the 4 hr and 6 hr time points (lanes 5-6), the cells were incubated for 2 hr with DOX or ETOP, washed with DMEM and incubated for additional 2 hr and 4 hr, respectively, in regular culture medium. Following treatment, Chk1 and Chk2 kinases were respectively immunoprecipitated from cell lysates and examined for kinase activity as described in Materials and Methods (Chk1 Activity and Chk2 Activity). Levels of Chk1 and Chk2 in the immunoprecipitates were determined by immunoblotting (Chk1 IP-WB and Chk2 IP-WB). *, as a negative control, kinase assay was carried out using immunoprecipitates obtained by incubating DOX-treated cell sample (6 hr time point) with non-immunized IgG. (B) Cells were treated as described above and incubated for 2 hr. Cdc2 was immunoprecipitated from cell lysate and analyzed for levels of Cdc2-Tyr15 phosphorylation by immunoblotting (Cdc2-Tyr15). As a control, Cdc2 in the immunoprecipitates was assessed by immunoblotting (Cdc2). doi:10.1371/journal.pone.0050281.g002 ATR or Chk1 activity was specific, as either kinase activity was not detected by the control kinase assay, which was carried out using non-specific immunoprecipitates obtained by incubating nonimmunized IgG with untreated cell lysate ( Figure 6A , upper panel: lane 5).
To verify the effect of ERK1/2 inhibition on topo II poisoninduced ATR and Chk1 activation, MCF-7 cells were transfected with either ERK1/2 specific or control siRNA and then treated with DOX. As shown in Figure 6B , ERK1/2 siRNA transfected cells exhibited a marked diminution in both ATR and Chk1 . In contrast, transfection of control siRNA had no effect on DOX-induced activation of ATR and Chk1 kinases relative to non-transfected cells (data not shown). These data support a role for ERK1/2 in topo II poison-induced activation of ATR and Chk1 kinases.
We next examined the effect of ERK1/2 inhibition on topo II poison-induced ATM and Chk2 activation. As shown in Figure 6C , while treatment of MCF-7 cells with either DOX (upper panel) or ETOP (lower panel) resulted in a marked activation in ATM kinase activity, incubation of cells with U0126 did not block the activation of ATM by DOX or ETOP (ATM activity). In fact, the ATM activation by DOX or ETOP was further enhanced by incubation with U0126 ( Figure 6C , ATM activity). Consistent with the effect of U0126 on ATM activity in DOX-or ETOP-treated cells, incubation with U0126 also did not block the Chk2 activation following DOX or ETOP treatment ( Figure 6C , Chk2 activity).
Collectively, these results suggest that ERK1/2 signaling is required for topo II poison-induced activation of ATR/Chk1 signaling. However, ERK1/2 signaling is not involved in the topo II poison-induced activation of ATM/Chk2 signaling.
ERK1/2 inhibition abolishes topo II poison-induced Cdc2-Tyr15 phosphorylation
G2/M transition of the cell cycle requires the activity of Cdc2/ Cyclin B complex [12] and, in Figure 2B , we show that treatment Figure 2B ). We thus examined the effect of ERK1/2 inhibition on Cdc2-Tyr15 phosphorylation in DOX-or ETOP-treated MCF-7 cells. As shown in Figure 6D , both DOX-and ETOP-induced increase in Cdc2-Tyr15 phosphorylation was abolished by the incubation of cells with U0126 (Cdc2-Tyr15).
ATR but not ATM is required for Dox-induced G2/M arrest
The data presented above indicate that ERK1/2 signaling plays an important role in the regulation of topo II poison-induced G2/ M checkpoint activation and that inhibition of ERK1/2 signaling specifically blocks topo II poison-induced activation of ATR kinase (Figure 3-6) . Since previous studies have indicated that both ATM and ATR may be involved in the DNA damage induced G2/M checkpoint response [66] , we further explored the roles of ATR and ATM in topo II poison-induced G2/M arrest in MCF-7 cells.
To assess the role of ATR kinase in topo II poison-induced G2/ M arrest, MCF-7 cells were stably infected with retroviral vector expressing ATR specific shRNA or control firefly luciferase shRNA. As shown in Figure 7A (inset), cells expressing ATRshRNA exhibited a marked reduction in ATR protein levels compared to the control cells (ATR). Furthermore, as shown in Figure 7A , DOX-induced G2/M arrest was diminished by approximate 50% in ATR-shRNA expressing cells compared to Control-shRNA expressing cells. In contrast, infection of MCF-7 cells with control retrovirus had no detectable effect on DOXinduced G2/M arrest compared to uninfected cells (data not shown).
To explore the role of ATM in topo II poison-induced G2/M arrest, MCF-7 cells were transfected with ATM specific or control siRNA. As shown in Figure 7B (inset), ATM protein levels were largely reduced following transfection of MCF-7 cells with ATM specific siRNA compared to control siRNA transfected cells (ATM). As shown in Figure 7B (open bar), cell cycle analysis indicated that decreased expression of ATM did not result in attenuation of DOX-induced G2/M arrest. To further verify the effect of ATM on DOX-induced G2/M arrest, ATM specific inhibitor KU55933 was used to inhibit DOX-induced ATM activation. As shown in Figure 7C (upper panel), incubation of cells with KU55933 completely inhibited DOX-induced ATM-S1981 phosphorylation. However, the incubation did not block the induction of G2/M arrest following DOX treatment (lower panel).
Taken together, these results suggest that ATR but not ATM plays an essential role in DOX-induced G2/M checkpoint activation.
Decreased ATR expression by shRNA has no effect on DOX-induced ERK1/2 activation The studies presented above indicate that inhibition of ERK1/2 blocked the topo II poison-induced ATR activation ( Figure 6A and B). Further studies provide evidence supporting an essential role for ATR in DOX-induced G2/M arrest ( Figure 7A ). We next examined role of ATR in topo II poison-induced ERK1/2 activation. As shown in Figure 8 , expression of ATR shRNA, which markedly decreased ATR protein levels in MCF-7 cells ( Figure 7A ), had no effect on the increase of ERK1/2 phosphorylation in MCF-7 cells following treatment with DOX or ETOP. These results indicate that ATR is not required for topo II poison-induced ERK1/2 activation.
The regulation of DOX-induced G2/M arrest by p53 is independent of ERK1/2 signaling
While results in Figure 3 and 4 indicate that ERK1/2 inhibition attenuated topo II poison-induced G2/M arrest in both MCF-7 and T47D cells, the attenuation observed in T47D cells is more complete than that in MCF-7 cells, which suggests the involvement of additional mechanisms other than ERK1/2 signaling in the regulation of topo II poison-induced G2/M checkpoint response. It has been previously demonstrated that MCF-7 cells express wild-type p53 whereas T47D cells contain a mutant dysfunctional p53 [67] . We thus investigated the effect of p53 expression on DOX-induced G2/M arrest in MCF-7 cells in the presence or absence of ERK1/2 inhibition.
We first used HPV-E6 to examine the effect of p53 on DOXinduced G2/M arrest in MCF-7 cells. It has been previously shown that HPV-E6 functions as ubiquitin E3 ligase that induces proteasome-mediated p53 degradation [46] . As shown in Figure 9A (upper panel), DOX treatment of control MCF-7 cells resulted in a time-dependent marked induction in p53 protein, which is consistent with previous studies [68] . In contrast, in the presence of HPV-E6 expression, treatment of MCF-7 cells with DOX only led to a subtle increase in p53 protein ( Figure 9A , upper panel). As shown in Figure 9A (lower panel), while incubation of control cells with U0126 resulted in an incomplete attenuation in DOX-induced G2/M arrest, incubation of HPV-E6 expressing cells with U0126 completely abrogated DOXinduced G2/M arrest. In the absence of ERK1/2 inhibition, the DOX treatment induced slight less G2/M arrest in the HPV-E6 expressing cells compared to control MCF-7 cells ( Figure 9A , lower panel). However, the difference was not statistically significant.
To verify the results obtained using HPV-E6, MCF-7 cells expressing p53-R175H dominant negative mutant were used for studies. As shown in Figure 9B (upper panel), cells transfected with p53-R175H expressing vector showed a large increase in total p53 levels compared to vector transfected or non-transfected cells. As Figure 6 . Effect of ERK1/2 inhibition on topo II poison-induced ATR and ATM signaling activation. (A) MCF-7 cells were treated for 2 hr with 1 mM DOX (upper panel) or 10 mM ETOP (lower panel) in the presence or absence of 50 mM U0126. The cells were washed and incubated in growth medium for additional 2 hr with the presence or absence of U0126. ATR and Chk1 kinase were respectively immunoprecipitated from the resulting cell lysates and assayed for kinase activity. ATR and Chk1 levels in immunoprecipitates were determined by immunoblotting (ATR IP-WB and Chk1 IP-WB). IgG, as a negative control, kinase assay was carried out using immunoprecipitates obtained by incubating control untreated cell lysate with non-immunized IgG. (B) Cells transfected with ERK1/2 specific or control siRNA were incubated for 2 days and treated with or without 0.5 mM DOX, as described above. ATR and Chk1 were respectively immunoprecipitated from the cell lysates and examined for kinase activity (ATR activity and Chk1 activity). ATR and Chk1 protein levels in immunoprecipitates were determined by immunoblotting (ATR IP-WB and Chk1 IP-WB). Levels of ERK1/2 and Actin in cell lysates were analyzed by immunoblotting (ERK1/2 and Actin). (C) Cells were treated as described in (A). ATM and Chk2 were immunoprecipitated from the cell lysates and assayed for kinase activity (ATM activity and Chk2 activity). ATM and Chk2 levels in immunoprecipitates were determined by immunoblotting (ATM IP-WB and Chk2 IP-WB). (D) MCF-7 cells were treated as described in (A) and incubated for the times indicated. Cdc2 was immunoprecipitated from cell lysate and analyzed for Cdc2-Tyr15 phosphorylation by immunoblotting (Cdc2-Tyr15). Cdc2 in the immunoprecipitates was quantified by immunoblotting (Cdc-2 IP-WB). doi:10.1371/journal.pone.0050281.g006
shown Figure 9B (lower panel), while incubation of control transfected cells with U0126 resulted in an incomplete attenuation in DOX-induced G2/M arrest, incubation of p53-R175H expressing cells with U0126 completely abolished the DOXinduced G2/M arrest. Furthermore, similar to the results obtained from the studies using HPV-E6, in the absence of ERK1/2 inhibition, DOX treatment also induced slight less G2/M arrest in p53-R175H expressing cells compared to control cells ( Figure 9B , lower panel).
Collectively, these results suggest that p53 has a positive regulation on DOX-induced G2/M arrest. However, this role of p53 is independent of ERK1/2. p38 and MK2 kinases have no effect on topo II poisoninduced G2/M checkpoint response Previous studies have reported a role of p38-mediated MK2 activation in DOX-induced G2/M checkpoint activation in U2OS osteosarcoma cells [43] . We therefore investigated the possible contribution of p38 and MK2 to the topo II poisoninduced G2/M checkpoint response in MCF-7 cells.
As shown in Figure 10A , treatment of cells with DOX did not result in p38 activation, as determined by Western blot analysis of p38 phosphorylation (p-p38). As a positive control, exposure of MCF-7 cells to UV did result in a marked increase in p38 phosphorylation ( Figure 10A, p-p38) .
We next examined the role of MK2 in DOX-induced G2/M checkpoint response in MCF-7 cells. As shown in Figure 10B , Figure 8 . Decrease of ATR level by shRNA had no effect on DOX-induced ERK1/2 activation. MCF-7 cells expressing ATR specific or control shRNA were treated with or without 1 mM DOX (upper panel) or 10 mM ETOP (lower panel) for 2 hr and analyzed for phospho-ERK1/2 (pERK1/2) and total ERK1/2 (ERK1/2) by immunoblotting. doi:10.1371/journal.pone.0050281.g008 ERK1/2 Signaling in G2/M Checkpoint Activation PLOS ONE | www.plosone.orgtreatment with DOX markedly increased MK2 phosphorylation in MCF-7 cells. Furthermore, incubation of MCF-7 cells with the MEK1/2 inhibitor U0126, which abrogated DOX-induced ERK1/2 activation ( Figure 10B, pERK1/2 ), resulted in a further increase in MK2 phosphorylation in MCF-7 cells (Figure 10B,  pMK2) . Thus, DOX-induced MK2 phosphorylation is not de- Figure 10 . DOX-induced G2/M checkpoint activation does not involve the p38 and MK2 kinases. (A) MCF-7 cells were treated for 2 hr with or without 1 mM DOX in the presence or absence of 50 mM U0126. As a positive control for p38 activation, a cell sample was exposed to UV at 100 J/m 2 and incubated for 1 hr at 37uC. The resulting cells were analyzed for levels of phospho-p38 (p-p38) and total p38 (p38) by immunoblotting. (B) The cell samples obtained above were analyzed for levels of phospho-MK2 (pMK2), total MK2 (MK2), phospho-ERK1/2 (pERK1/2) and total ERK1/2 (ERK1/2) by immunoblotting. pendent on ERK1/2 activation. However, the results presented in Figure 10C show that transfection of MCF-7 cells with MK2 specific siRNA, resulting in a marked decrease in MK2 protein (upper panel), had no effect on DOX-induced G2/M arrest compared to control siRNA transfected cells (open bars). Thus, MK2 activation apparently does not play a role in DOX-induced G2/M arrest in MCF-7 cells.
We also examined the effect of DOX treatment on p38 and MK2 in T47D cells. As results shown in Supplemental Figure S4 , treatment with DOX did not result in activation of either p38 or MK2 in T47D cells. In contrast, exposure of T47D cells to UV irradiation greatly activated both p38 and MK2. Thus, p38 and MK2 apparently are not involved in the regulation of DOXinduced G2/M checkpoint response in T47D cells.
Inhibition of ERK1/2 signaling enhances topo II poisoninduced apoptosis
We next examined the effect of ERK1/2 inhibition on cell survival following treatment with DOX or ETOP. As shown in Figure 11A (left panels), treatment of cells with DOX alone resulted in a 4-fold increase in apoptotic cells compared to control non-treated cells (solid bars), whereas treatment with DOX in the presence of U0126 resulted in a 9-fold increase in apoptotic cells compared to control untreated cells (open bars). Inhibition of ERK1/2 also had a similar effect on ETOP-induced apoptosis. As shown in Figure 11A (right panels), while treatment with ETOP alone resulted in a 3-fold increase in apoptotic cells compared to control untreated cells (solid bars), treatment with ETOP in the presence of U1026 resulted in a 7-fold increase in apoptotic cells relative to control untreated cells (open bars). Incubation of MCF-7 cells with U0126 by itself had no noticeable effect on the amount of apoptotic cells compared to control untreated cells ( Figure 11A) .
To confirm the induction of apoptosis in these cells, a parallel set of cell samples were analyzed by Western blotting to assess the integrity of Caspase 8 and PARP protein. The cleavage of caspases and PARP, hallmarks of apoptosis, occurs during the execution phase of programmed cell death [62, 69, 70] . As shown in Figure 11B , while treatment of MCF-7 cells with DOX or ETOP alone resulted in only a subtle decrease in levels of full-length Caspase 8 compared to control untreated cells, treatment with DOX and ETOP in the presence of U0126 resulted in a marked decrease in full-length Caspase 8. Relative to control untreated cells, a 72% decrease in full-length Caspase 8 was detected in cells treated with both DOX and U0126 and a 56% decrease detected in the cells treated with both ETOP and U0126 ( Figure 11B , Caspase 8). Similar results were also obtained from examining amount of intact PARP in these samples. Using an antibody recognizing full-length PARP, the results in Figure 11B showed that the levels of intact PARP was respectively decreased by 44% in cells treated with DOX and by 47% in cells treated with ETOP (PARP). In the presence of U0126, treatment with DOX or ETOP resulted in a further decrease in levels of intact PARP. Relative to the control non-treated cells, an 89% decrease in level of intact PARP was observed in cells treated with both DOX and U0126 and an 81% decrease observed in cells treated with both ETOP and U0126 ( Figure 11B, PARP) . In contrast, treatment of cells with U0126 alone failed to lower the levels of either intact Caspase 8 or PARP in MCF-7 cells ( Figure 11B ).
Discussion
Previous studies have indicated that DNA damage induced G2/ M checkpoint activation involves the activation of ATM and ATR signaling. This in turn leads to the activation of Chk1 and Chk2 kinases, inhibition of Cdc2/Cyclin B and subsequently G2/M cell cycle arrest [29, 71] . Consistent with these findings, the results in this report indicate that topo II poison-induced G2/M arrest in MCF-7 cells is also associated with an activation of Chk1 and Chk2 kinases (see Figure 2A) , and an inhibition of Cdc2 kinase (see Figure 2B ). Furthermore, results in this report demonstrate that topo II poison-induced G2/M arrest is associated with a rapid activation of ERK1/2 (see Figure 1B) and that ERK1/2 activation is persistent up to 24 hr post drug treatment (supplemental Figure S1 ). Using a MEK1/2 specific inhibitor, as well as siRNA targeting ERK1/2, results in this report indicate that inhibition of ERK1/2 singling abrogates topo II poison-induced activation of ATR and Chk1 kinases and attenuates the induction of G2/M arrest following topo II poison treatment (see Figure 3-6) . These results implicate an important role for ERK1/2 signaling in topo II poison-induced G2/M checkpoint activation.
A recent study reports a role of ERK1/2 expression in ETOPinduced G2/M arrest in MCF-7 cells. Furthermore, the study also notes an increase of ATM-S1981 phosphorylation following ETOP treatment and that is correlated with an ETOP-induced G2/M cell cycle arrest [72] . However, whether ATM actually plays a role in ETOP-induced G2/M arrest in MCF-7 cells has not been examined by the study. Results in the present report indicate that ERK1/2 inhibition abolishes the topo II poisoninduced ATR and Chk1 activation (see Figure 6A and B), but has little effect on the topo II poison-induced ATM and Chk2 activation (see Figure 6C) . Furthermore, while decrease of ATR expression by shRNA results in significant attenuation of DOXinduced G2/M arrest (see Figure 7A) , decreased expression or inhibition of ATM fail to block the induction of G2/M arrest following DOX treatment (see Figure 7B and C). These results are consistent with previous studies, which indicate that Chk1 but not Chk2 was critical for DOX-induced G2/M cell cycle arrest in HeLa human cervical cancer cells [73] .
Results in this report demonstrate that both ERK1/2 and ATR are essential for topo II poison-induced G2/M arrest and ERK1/2 inhibition abrogates the ATR activation following topo II poison treatment. However, decreased ATR expression (see Figure 8) or incubation of cells with caffeine (data not shown), which inhibits both ATM and ATR kinases [54] , does not block the topo II poison-induced ERK1/2 activation. These results suggest that ERK1/2 activation is up-stream of ATR activation following topo II poison-induced DNA damage.
While ERK1/2 inhibition attenuates topo II poison-induced G2/M arrest in both MCF-7 and T47D cells, it should be noted that the attenuation observed in T47D cells is more complete than in MCF-7 cells. These results suggest that, in MCF-7 cells, there may be additional pathway(s) other than ERK1/2 signaling involved in the control of G2/M checkpoint response following topo II poison treatment. One possible mechanism might involve tumor suppressor p53. It has been shown that MCF-7 cells express wild-type p53 whereas T47D cells have lost p53 function [74] . In addition, a recent report shows that, in H1299 non-small cell lung carcinoma cells, ectopic expression of p53 promotes DOXinduced G2/M cell cycle arrest, which involves the induction of p21 Waf1/Cip1 [9] . In the present studies, we have investigated the role of p53 in DOX-induced G2/M arrest in MCF-7 cells in the presence or absence of ERK1/2 inhibition. The results of these studies indicate that disruption of p53 function in MCF-7 cells, either by the expression of HPV-E6 or p53-R175H dominant negative mutant, results in a further attenuation in DOX-induced G2/M arrest in MCF-7 cells incubated with U0126 (see Figure 9 ). These results suggest that, other than ERK1/2 signaling, p53 also has a role in promoting G2/M arrest following topo II poison treatment. However, this role of p53 appears to operate independently of ERK1/2 signaling.
Previous studies show that DOX treatment of U2OS human osteosarcoma cells results in the activation of p38 and MK2 kinases and that this is essential for the activation of G2/M checkpoint response in U2OS cells following DOX treatment [43] . Furthermore, these studies also demonstrate that the role of p38/MK2 signaling on the regulation of G2/M checkpoint activation is independent of Chk1 [43] . In the present studies, we have examined the potential contribution of p38 and MK2 to DOX-induced G2/M checkpoint response in MCF-7 breast cancer cells. The results presented in this report indicate that DOX treatment of MCF-7 cells results in an activation of MK2 kinase but not p38 kinase (see Figure 10A and 10B). Additional studies in this report indicate that decreased MK2 expression in MCF-7 cells has no effect on DOX-induced G2/M arrest (see Figure 10C) . Furthermore, similar studies in T47D breast cancer cells indicate that DOX treatment of these cells does not activate either p38 or MK2 (see supplemental Figure S4 ), but induces G2/ M arrest (see Figure 3) . These results suggest that the regulation of p38 and MK2 kinases on DOX-induced G2/M checkpoint response is cell type specific. While these kinases apparently play a role in topo II poison-induced G2/M arrest in U2OS osteosarcoma cells, the results in this report indicate they are not involved in DOX-induced G2/M arrest in MCF-7 and T47D breast cancer cells.
Previous studies have shown that ERK1/2 signaling inhibition enhances topo II poison-induced cytotoxicity in human epider- moid carcinoma and gastric cancer cells [75, 76] . In this report, we have investigated the role of ERK1/2 signaling in topo II poisoninduced apoptosis. Results obtained from this study are consistent with the previous finding, indicating that ERK1/2 inhibition markedly increases topo II poison-induced apoptosis in MCF-7 breast cancer cells (see Figure 11 ). On the other hand, it had been reported that inhibition of ERK1/2 signaling in NIH3T3 mouse fibroblast cells results in diminution in DOX-and ETOP-induced apoptosis [44, 77] . Thus the effect of ERK1/2 inhibition on topo II poison sensitivity is also apparently cell type specific.
While results of the present studies suggest an important role of ERK1/2 signaling in topo II poison induced G2/M cell cycle arrest, it remains undetermined by what mechanism ERK1/2 signaling is activated in response to topo II poison treatment. A previous study by Navarro et al [78] suggests a involvement of superoxide anions in DOX-induced ERK1/2 activation in hypatocytes, which are probably generated by DOX metabolism. We will examine this possibility in the future studies.
It has been previously demonstrated that topo II poison treatment primarily results in a prolonged cell cycle arrest in most breast cancer cell lines studied [79] . Additional studies in various types of cancer cells show that a portion of the cells that survive the topo II poison treatment ultimately develop a senescence-like phenotype (e.g. 79% of Doxorubicin-treated HT1080 cells) [80] . This phenotype includes an enlarged and flattened morphology, expression of the senescence marker SA-b-Galactosidase and increased granularity. Thus, a progression toward senescence-like terminal growth arrest is one of the destinies for cells arrested in G2 phase following topo II poison treatment. As for the other portion of cells, which also survive the topo II poison treatment but do not develop a senescence-like phenotype, their fate(s) has not yet been clearly determined by the current studies.
In summary, results presented in this report suggest an important role of ERK1/2 signaling in the regulation of G2/M checkpoint activation following topo II poison treatment. The studies presented in this report indicate that topo II poisoninduced ERK1/2 signaling is upstream of ATR and Chk1 activation, which, in turn, results in decreased Cdc2 activity and subsequent G2/M cell cycle arrest. Ultimately, the results of the present studies suggest an important role of ERK1/2 signaling in protecting cells from topo II poison-induced apoptosis. Figure S4 Treatment of T47D breast cancer cells with DOX does not activate p38 and MK2 kinases. T47D cells were treated for 2 hr with or without 1 mM DOX in the presence or absence of 50 mM U0126. As a positive control for p38 and MK2 activation, a cell sample was exposed to UV at 100 J/m 2 and incubated for 1 hr at 37uC. The resulting cells were analyzed for levels of phospho-p38 (p-p38), total p38 (p38), phospho-MK2 (pMK2) and total MK2 (MK2) by immunoblotting. (TIF)
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